On-chip quantum interference between two silicon waveguide sources 
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Integrated quantum optics promises to enhance the scale and functionahty of quantum tech- 
nologies, and has become a leading platform for the development of complex and stable quantum 
photonic circuits. Here, we report the on-chip generation and manipulation of two-photon entan- 
glement, and high- visibility quantum interference with two photon-pair sources integrated within 
a reconfig- urable silicon-on-insulator photonic circuit. Degenerate and non-degenerate entangled 
photon pairs were created and manipulated on-chip to exhibit quantum interference with visibility 
as high as 100.0 it 0.4%. Our device presents integration of photon-pair sources with dynamic quan- 
tum photonic circuitry, and the first high- visibility quantum interference between on-chip sources. 
These results represent a path to the next generation of monolithic quantum photonic circuits with 
integrated sources. 



Scalable implementations of photonic quantum com- 
putation yy, simulation, [2 communication [3 , and sens- 
ing [4], require the combination of three on-chip ele- 
ments: reconfigurable photonic circuitry, single-photon 
sources, and detectors.^ [6| To date, increasingly com- 
plex quantum photonic circuits, [7]-[9] sources ^TOHTS] and 
detectors [14 have been shown independently, but the in- 
tegration of more than one of these elements has proven 
difficult. Focussing on source-circuit integrations, initial 
demonstrations have consisted of a photon-pair source 
with passive directional coupler elements, forming a 
quantum relay, [15 and a source of colour-segregated, 
polarisation-entangled photons, using an on-chip polari- 
sation rotator. [16 . To date, there has been no demon- 
stration of both quantum states generation and manipu- 
lation on a single chip. Moreover, no experiment to date 
has interfered photons from multiple on-chip sources. 

We present a monolithic device comprising two sponta- 
neous photon-pair sources, integrated within a tuneable 
Mach-Zehnder interferometer, capable of generating and 
manipulating path-entangled two-photon NOON states. 
High-visibility on- and off-chip quantum interference is 
observed between these sources. We show how our de- 
vice can be used as a photon pair source, to produce 
two-colour (non-degenerate) or same-colour (degenerate) 
photon pairs in two on-chip spatial modes, and we use 
off-chip Hong- Ou-Mandel- type (HOM) quantum interfer- 
ence to test the potential of this source. 

To date, most quantum waveguide circuits have been 
fabricated from glass-based materials, which offer low 
propagation loss, a wide transparency window, and effi- 
cient coupling to optical fibre, but also limit device func- 
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FIG. 1. a. Schematic operation of the device. A bright pump 
laser is coupled onto the silicon-on-insulator (SOI) chip using 
a lensed optical fibre and on-chip spot-size converters (not 
shown). The pump is distributed between two modes via 
a 2 X 2 multi-mode interference coupler (/), in each mode 
exciting the x^^^ spontaneous four-wave mixing (SFWM) ef- 
fect within a spiraled SOI waveguide (//), and producing 
signal-idler photon pairs in the two-photon entangled state 
I ( 1 20) — 1 02) ) . The pairs are thermo-optically phase shifted (0, 
///), and interfered on a second coupler (/F) to yield either 
bunching or splitting over the two output modes, depending 
on 0. b. Energy diagrams of both types of SFWM, show- 
ing the time-reversal symmetry between the non-degenerate 
and degenerate processes, c. SOI waveguide cross-section, 
fabricated by standard CMOS processing techniques. 



tionality and suffer from large circuit footprints. The 
silicon-on-insulator photonics platform (SOI), recently 
developed for classical applications, [iTl [18] has several 
advantages over glass-based systems, including a high 
component density, a strong x^^^ optical nonlinear ity, ma- 
ture fabrication techniques, and compatibility with both 
1550-nm telecom optics and CMOS electronics. As such, 
SOI quantum photonic circuits [19, and spontaneous 



photon-pair sources [TOHEl llQl 121] have recently been 
demonstrated. 

Our SOI photonic device is presented in Fig. [l^. In 
the device are two photon-pair sources, each compris- 
ing a 5.2-mm-long spiraled siUcon waveguide in which 
the x*^^^ spontaneous four- wave mixing (SFWM) process 
could occur (region //, Fig. Ilk). SFWM creates a signal- 
idler photon pair by annihilating two photons from a 
bright pump beam (Fig. TJd). Non-degenerate pairs are 
created by a single- wavelength pump, while degenerate 
pairs require a dual- wavelength scheme. [? ] Pump distri- 
bution and single-photon interference were achieved us- 
ing 2x2 multi-mode interference couplers (MMI), with 
reflectivity ^ 50%, while a thermal phase-shifter mod- 
ified the on-chip quantum and bright-light states. Off- 
chip wavelength-division multiplexers (WDM) were used 
to separate the signal, idler, and pump channels, before 
the photon pairs were finally measured by two supercon- 
ducting single-photon detectors. 

Evolution of the degenerate quantum and bright-light 
states proceeded, referring to regions {I-IV) of Fig. [l^, 
as follows. The bright pump was split by the first MMI 
(/) between the two sources (//). By operating in the 
weak pump regime (so that only one pair was likely to 
be generated) , the simultaneous pumping of both sources 
generated a path-entangled A^OOA^ state: -^ (|20) - 102)) . 
The relative phase was then dynamically controlled via 
a thermal phase-shifter in one arm (///), which applied 
a (j) shift to the bright-light pump and a 2(/) shift to the 
entangled biphoton state: "7^(120) - e^2^|02)). Finally, 
the bright-light and biphoton states were interfered on 
the second MMI {IV) to yield Mach-Zehnder interference 
fringes for the bright pump, and phase-doubled |-like 
fringes [22] for the photon pair, of the form 

l^out) = COS0 l^bunch) + Sin0 l^split) • (1) 

Here, the l^bunch) state describes photons bunched to- 
gether in either output mode A oi B^ and the l^spiit) 
state describes pair splitting, with one photon in each 
mode. [23 By considering the degenerate case, and specif- 
ically setting (/) = or (/) = f , we can obtain either state 
at the output: 
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When non- degenerate pairs are created, signal-idler 
exchange symmetry leads to identical quantum evolu- 
tion and non-classical interference as eq. ([2]). The corre- 
sponding l^bunch) and l^spiit) states for non- degenerate 
SFWM are: 



l^bunch) 
l^split) 



(3) 



= ^{\ls^i)A\^sl^)B + |0,1^)a|1.0,)b), 

where s and i indicate signal and idler wavelengths. We 
will show experimentally that these non- degenerate dis- 
cretely colour-entangled [2T states behave like degenerate 
pairs. 
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FIG. 2. On-chip quantum and classical interference measure- 
ments, varying the internal phase (f). Coincidence data have 
per-datum accidental coincidences subtracted, a. Apparatus, 
showing the coupling of light from a bright pump laser into 
the device, via fibre lenses, and the separation of signal (blue), 
idler (red), and pump (purple) wavelength channels using 
wavelength-division multiplexers (WDM), b. Transmission 
of the bright pump laser, showing classical interference, c. 
Measurement of signal-idler photon splitting between modes 
A and B. d. Measurement of signal-idler photon bunching, 
with signal and idler both in mode A or mode B. e. Pho- 
ton splitting, like (b), but with monochromatic photon pairs, 
created with degenerate SFWM. 



High- visibility quantum interference - non-classical in- 
terference between two photons on a beamsplitter - un- 
derpins all of photonic quantum information science and 
technology. We first manipulated the on-chip path entan- 
glement of the two-colour (non-degenerate) pairs. Quan- 
tum interference within our device was quantified by the 



splitting and bunching probabilities at the output, Pgpiit 
and Pbunch, as the on-chip phase {(/)) was varied; classi- 
cal interference was observed in the transmission of the 
bright pump through the interferometer. The experi- 
mental apparatus is pictured in Fig. [2^. Wavelength- 
division multiplexers (WDM) separated the monochro- 
matic 1549.6-nm pump from the non-degenerate signal 
and idler photons (detuned hy S = 6.4 nm) so that signal- 
idler coincidences and pump transmission could be mea- 
sured at the same time. Detector coincidences As x Bi 
and Bs x Ai were measured for Pgpiit 7 while Ag x Ai and 
Bg X Bi were measured for Pbunch • The rates of classical 
transmission, Pgpiit, and Pbunch are recorded in Figs.l2b, 
[2J3, and|2]i, respectively. In all cases, high- visibility in- 
terference was observed, and both the Pgput and Pbunch 
two-photon fringes exhibited a phase-doubling compared 
to their classical counterparts - a signature of path- 
entangled two-photon states. 

According to equation ([l]), the splitting rate should 
follow Pgpiit ex sin^ (curves. Fig. Pp). This model 
works well, with the data exhibiting a visibility V ~ 99% 
(99.1±0.5% for AiXBs, and 98.8±1.2% for A^xP^), where 
we compute the visibility V = (A^max — ^min)/^max from 
the maximum A^max and minimum A'min values of each 
fit. Meanwhile, for the bunching rate, eq. (IT]) predicts 
Pbunch ex cos^ 0, but, an asymmetric behaviour is ob- 
served, instead (Fig. |2]i). This behaviour can be ex- 
plained by considering spurious SFWM in the device's 
input and output (I/O) waveguides - which are identical 
in cross-section to the source waveguides (Fig. [l]^). We 
calculate corrected bunching probabilities, Pj^^h ^^^ 
^i^nch' ^^ ^^^ ^^^ output modes A and B (see appendix) 
as. 
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where Fq is the base SFWM rate of the spiral sources, 
and Fi/o quantifies the generation rate of spurious pairs 
inside the I/O waveguides. Equation Q fits the Pbunch 
data well (curves. Fig. ^). We extracted the spuri- 
ous pair rate Fj /q, and found that such pairs accounted 

for a small fraction of the total: Fj/q/Fq = 2.5% 

foi" ^blinch. and 2.1% for P^^^^^. Since SFWM effi- 
ciency scales quadratically with interaction length (F^ ex 
I/^),(Suplementary Material) we compared these ratios 
with the I/0-to-source waveguide- length ratio, squared, 
Lj/q/Lq = 2.0%, and found them to be similar. This 
gives us confidence that the Pbunch fringe asymmetry is 
caused by spurious pair generation in the I/O waveg- 
uides. The Fj /q/Fq ratio is of considerable importance - 
it measures the amount of l^bunch) contamination when 
the device is configured to produce only l^gput) • It could 
be reduced, for example, by modifying the waveguide ge- 
ometry outside the source regions, [11 or by moving to 
resonant sources. [12 In our experiment, spurious pairs 
limited the maximum observable off-chip quantum inter- 
ference visibility to V < 98%. 



^^ (^ = 7r/2 '^ 




Variable delay 



Non- degenerate SFWM 




-3-2-10 1 2 3 

Displacement (mm) 

FIG. 3. Off-chip Hong-Ou-Mandel interference measurements 
for l^spiit) . Beating within each fringe is explained by signal- 
idler detuning, 6, as plotted in insets to b - e. Coincidence 
data have per-datum accidental coincidences subtracted. Er- 
ror bars are Poissonian, based on raw coincidences, a. Ex- 
perimental schematic. Photon pairs in the l^spiit) state exit 
the chip, and one is delayed by displacement x, while the 
other is polarisation matched, then the pair is interfered on a 
beamsplitter. Two detectors measure coincidences at different 
signal-idler detunings S. b. Detuning S = 9.6 nm (1200 GHz). 
c. Detuning S = 6.4 nm (800 GHz), d. Detuning S = 3.2 nm 
(400 GHz), e. Degenerate SFWM, no detuning. 



To show how our l^spiit) pairs could be used in an 
external circuit, and to explore the implications of the 
colour entanglement described by eq. (|3|, we performed 
several off-chip Hong-Ou-Mandel- type quantum interfer- 
ence measurements. [25 The modified apparatus is pic- 
tured in Fig. Isk. We set the device to generate l^spiit) 
at the chip output (by setting (j) = 7r/2), then sent one 



photon to a tunable delay line, and the other to a po- 
larisation controller. Thus, the optical path and polar- 
isation of the two photons could be precisely matched, 
and we could introduce distinguishability in the arrival 
time degree of freedom. The photon pair interfered on a 
fibre beamsplitter {R = 50.2%), and we recorded coinci- 
dences while varying the arrival time (via the free-space 
displacement, x). 

The phase-stable two-colour l^spiit) state yielded 
HOM interference fringes (Fig. Isb-d) which showed a 
beating between the non-degenerate signal and idler 
wavelengths (detuning (5).[26l[27] Due to the colour en- 
tanglement present in l^spiit) the filtered bi-photon 
spectrum is identical and two-lobed (insets Fig. [sfD-d). 
Since the time-domain HOM interference pattern is ef- 
fectively the Fourier transform of this spectrum, we can 
calculate the coincidence probability after the beamsplit- 
ter to be 



Pylom = 2 ~ 2" ^^^ ( ^^^ A2 ) ^^^^ ( ^^^ A2 ) ' ^^^ 



where x is the delay displacement, Ap is the pump wave- 
length, w is the WDM channel width and S is the signal- 
idler channel spacing. As we tuned (5^0, the beat fre- 
quency decreased (Figs. [3b-d), as predicted by eq. ([s]). 
Off-chip HOM interference visibilities [28 for each value 
of S (subscripted) were measured as Vg.enm = 94 ± 4%, 
V^6.4nm = 95 ± 4%, and l/3.2nm = 92 ± 3%. Thcsc re- 
sults show that our device could serve as an on-chip two- 
photon source. 

For a source that can drive general multiphoton ex- 
periments on-chip, however, we require degenerate pairs 
in discrete spatial modes, to allow arbitrary interfer- 
ence. Towards this goal, we produced degenerate pho- 
tons Y'mdegenerate SFWM - the time-reversed version 
of the non-degenerate process - which requires a two- 
colour pump (Fig. fit)). Using degenerate SFWM, we 
observed an on-chip quantum interference fringe with 
V = 100.0 ± 0.4 (Fig. [2^), and measured off-chip HOM 
interference with V = 95±4%. The shape of the HOM 
fringe corresponded to eq. ^ with S = 0. 



Our results confirm that the on-chip-generated pairs 
from both degenerate and non-degenerate SFWM can 
yield high- visibility quantum interference, both on- and 
off-chip. Indeed, we observed on-chip visibilities higher 
than those measured off-chip. For this, two explanations 
exist: as mentioned, the off-chip visibility was limited to 
V < 98.0% by spurious pair generation in the I/O waveg- 
uides; and, the HOM interference measurements required 
both the on-chip phase, and the off-chip polarisation to 
be precisely set, and drifts in both parameters reduced 
the off-chip visibility. Regardless, the HOM visibilities 
were high,[^ and we view the even higher on-chip vis- 
ibilities as showing great promise for future high-fidelity 
source-circuit integrations. 

Despite these high measured visibilities, our on- 
chip sources were not bright. To extract the pair 
generation rate per source, we examined an iso- 
lated spiral waveguide: we measured a rate of 2.7 ± 
0.4kHz/nm/mW for non-degenerate pairs, and a similar 
2.5 ± 0.6kHz/nm/mW for degenerate pairs, with corre- 
sponding coincidence-to-accidental ratios of 290, and 45 
(at lOOkHz). Brightness, however, is straightforward to 
improve, for example: by further engineering our spiral 
sources, improving the 10 dB facet loss, and optimising 
the spiral length; or by moving to resonant [12j or slow- 
light [21 SFWM enhancement. 

Scalability is a key goal of any integrated quantum 
system. Bulk crystal spontaneous pair sources have been 
used successfully in the largest optical quantum infor- 
mation experiments to date - the production [29 and 
manipulation [30] of 8-photon entanglement. However, 
spontaneous sources can, in principle, be scaled beyond 
the limits of these post-selected schemes by using ac- 
tive multiplexing and feed- forward techniques. [3T| |32] We 
have shown that multiple on-chip SFWM sources can be 
made to interfere with high visibility, and so could one 
day form the backbone of these large scale integration. 
Meanwhile, our device — a silicon-integrated source of 
degenerate or non- degenerate photon-pairs, in separate 
spatial modes — can serve as a drop-in replacement for 
current bulk SPDC sources. With further advances in in- 
tegration, a wealth of exciting applications will soon be 
within the reach of optical quantum science. 
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